Abstract. We present experimental results that explore the degree to which metal-clad microcavities may alter the spontaneous emission rate of a fluorescent species embedded within the cavity. We examine the role of the reflectivity and loss of the mirrors in determining the modified decay rate by altering the thickness of one of the metal mirrors. We show that despite losses arising from the metallic mirrors, metal-clad microcavities may still significantly modify the spontaneous emission rate of the embedded emitter.
Introduction
It is well known that the spontaneous emission (SpE) rate of an emitter is not an immutable property of the emitter but is dependent on the photonic mode density (PMD) at the location of the emitter. This can be deduced from Fermi's golden rule and was originally recognized by Purcell [1] . Many systems are known to modify the PMD, including microspheres, so-called photonic crystals; materials which have a periodic modulation in refractive index in three dimensions, and planar microcavities. The planar microcavity provides a limited modification to the PMD as compared with an ideal photonic crystal, however it is an important structure due to its ease of manufacture and practical application in such devices as light emitting diodes; it is also the standard configuration for many quantum electrodynamics experiments.
The first experimental verification that the SpE rate of an emitter can be modified by varying the PMD was provided by Drexhage [2] . This was demonstrated by measuring the lifetime of an emissive monolayer as a function of its distance from a metallic planar mirror. Dielectric layers were used to separate the emissive monolayer from the mirror. The SpE lifetime, the inverse of the rate, was found to exhibit an oscillatory behaviour as a function of the emittermetal separation and both inhibition and enhancement was observed. As the separation was reduced below ∼50 nm quenching of the fluorescence was observed, which was associated with coupling to non-radiative surface modes of the silver mirror. Many theoretical approaches have been used successfully to model these results, including both classical [3] and quantum mechanical descriptions [4] . In order to obtain good agreement between theory and the experimental data of Drexhage, both the dielectric/metal and the dielectric/air interface must be incorporated within the theory. The presence of the second (dielectric/air) interface is significant as it allows the system to support waveguide modes, which may be either radiative or bound in nature. This geometry may thus be considered to be a microcavity, albeit a highly asymmetric one.
Symmetric microcavities are expected to provide a greater modification to the SpE rate [4] and were first investigated using Rydberg atoms as the emitters [5] . Symmetric microcavities were also investigated in the microwave regime using a dipole aerial as the emitter: both enhancement and inhibition were observed [6] . The enhancement of the SpE rate of an emissive layer due to the introduction of a waveguide mode within a microcavity has also been investigated theoretically and simple expressions have been reported [7] . The modification to the SpE rate is dependent on the orientation of the dipole moment of the emitters [3] . The largest enhancement in the SpE rate is caused by the introduction of the first waveguide mode into the microcavity. For a vacuum filled microcavity bounded by perfect mirrors the enhancement is a factor of three and occurs when the dipole moment is parallel to the interfaces [4] . Recently it was shown that this factor of three may be exceeded by filling a metal mirror microcavity with a dielectric material with a high refractive index [8] .
Recently, attention has focused on radiative microcavity structures, where one or both mirrors have a non-zero transmissivity. The ability of such microcavities to control radiative emission has significant technological importance [9] . Microcavities have already been used either to spectrally select emission from a broadband emitter [10] or enhance the emission intensity in a specific direction [11] . Both these effects are caused by the modification in PMD that the microcavity induces.
There are, however, only limited experimental results concerning the modification of the SpE decay rate in solid state planar microcavities. Suzuki et al [12] observed a modification in the SpE rate from a layer of organic emitters (approximately λ/6 thick) embedded within a microcavity using the Langmuir-Blodgett (LB) technique. The cavity region was constructed so as to have a thickness of λ/2 and encased by two dielectric Bragg mirrors having high reflectivity. The lifetime of the emitters was measured to be modified by up to a factor of two. Hunt et al [13] reported changes in the SpE rate for the 1550 nm transition from erbium ions implanted within a microcavity, also constructed from two highly reflecting dielectric Bragg mirrors. They measured a modification of the SpE rate ranging from 0.72 to 1.21, as the thickness of the cavity was increased from 1450 to 1570 nm. The modifications observed by both Suzuki et al and Hunt et al were limited due to both the distribution of the location of the emissive species within the cavity and to the broadband nature of the emitter fluorescence. The SpE rate of an emitter will vary if placed in different positions within a planar microcavity due to the variation of the strength of electromagnetic fields associated with the available modes of the system being dependent on position within the microcavity. Recently, the variation in the lifetime of an emitter as its position was swept through an asymmetric microcavity (metal/dielectric/air) was investigated [14] .
We report here the first extensive experimental study, using a solid state system, of the modification to the SpE rate of an emissive monolayer within a microcavity having two metal mirrors. We vary the thickness of the microcavity keeping the emitters centrally located within it using the LB technique (see below). In this way we were able to control not only the location, but also the total thickness of the microcavity with nanometre resolution. We used a Eu 3+ chelate as our emitter due to its near monochromatic emission and find that significant modifications to the SpE rate may be obtained.
Experimental procedure
Many of the experimental procedures used to construct our microcavity samples have already been published, so for brevity we mention only the relevant details and refer the reader to previous published reports. The different geometries used in this study are shown in figure 1. Samples were constructed on silica microscope slides. The silver mirrors were deposited by thermal evaporation under high vacuum (1 × 10 −6 Torr) and deposited at a rate of 1 nm s −1 . A crystal oscillator allowed the approximate silver thickness to be monitored during deposition. To distinguish between the silver films that form the two mirrors, we use the term 'lower' to refer to the silver in contact with the silica slide and 'upper' to refer to the silver deposited onto the LB films.
The dielectric material used to construct the transparent, optically passive, regions of the microcavity was 22-tricosenoic acid. This was deposited as a sequence of monomolecular layers by standard LB deposition techniques [15] . This material has been used in similar studies and has been well characterized [16] , we take the thickness of each monolayer to be 2.6 nm and the material to have dielectric permittivity of ε = 2.49. The emissive material, a monolayer of the Eu 3+ chelate, was also deposited by the LB technique, using a horizontal lift-off technique that ensured only one monolayer of the emitter was deposited. Once the emissive layer was deposited, further layers of 22-tricosenoic acid were deposited to complete the dielectric layer of the microcavity.
The Eu 3+ ions were used as the emissive material because they have a near monochromatic emission in the visible regime, centred at 614 nm, are electric dipole in nature and have a relatively long lifetime (∼1 ms). Previous reports have shown that the emission properties are consistent with each emitter sampling all spatial directions on a timescale much faster than the decay time, we refer to this as an isotropic distribution [3, 14, 16] . In our study the samples were optically excited using a short (5 ns) pulse of UV radiation (337 nm). The fluorescence from the Eu 3+ was collected normal to the sample, via a spectrometer set to pass 614 nm radiation, before being detected by a photomultiplier tube. The time-resolved intensity was recorded using standard photon counting techniques [14] .
Three typical sets of time-resolved emission data are shown in figure 2 for different microcavity configurations. The observed fluorescence decays show a near singleexponential behaviour. To account for the slight deviation from a single exponential, the time-resolved data were fit to a bi-exponential function. Throughout the rest of this paper, the lifetime, and its inverse (the rate), refer to the exponential component which dominates the decay: typically the amplitude of this dominant component was found to be five times greater than that of the weaker component.
Results
The effect of the upper mirror on the SpE rate is clearly shown in figure 3 , where data are shown for three upper mirror thicknesses, 0, ∼10 and 22 nm. Initially we obtained the SpE lifetime for Eu 3+ ions in samples that had no upper silver mirror, displayed as open squares in figure 3 . The ions were embedded centrally within the dielectric layer, i.e. d top = d bot = d total /2, and the lifetime measured as a function of the LB structure thickness d total , see figure 1(a).
The effects of the upper silver mirror were then investigated by depositing an optically thin silver mirror on the top interface, as outlined above, thus obtaining the structure shown in figure 1(b) . The quartz crystal oscillator registered the thickness of the deposited silver layer Measured spontaneous emission lifetime for three different microcavity structures. The location of the emitters was kept in the middle of the dielectric layer and the total thickness d total , was varied. The same optically thick silver layer was used as the lower mirror for all the data presented. The three sets of data shown correspond to different thicknesses of the upper silver mirror, 0 nm (no top silver layers), ∼10 nm (first silver coat) and ∼22 nm (second silver coat).
to be approximately 10 nm. The time-resolved intensity measurements were then repeated, and the decays found to be of similar quality to those obtained with no upper silver mirror. The crosses in figure 3 show the SpE lifetime with a thin silver layer deposited to act as the upper mirror of the microcavity. We emphasize that these data were obtained from the same samples that provided the data for the no upper mirror, thus allowing direct evaluation of the influence of the new optically thin silver layer. We shall refer to these results as the first silver coat.
The samples were then returned to the silver evaporator and a further silver layer deposited onto the existing thin silver layer. The quartz oscillator registered the thickness of this extra silver layer to be approximately 10 nm. The time-resolved emissions from each of the regions were again recorded and again found to be of similar quality. We shall refer to this set of results as second coat, they are displayed as the circles in figure 3 .
We note from figure 3 that the addition of the upper silver layers has not significantly affected the scatter (noise) of the data points. Neither has the introduction of the upper silver film caused a dramatic reduction in the lifetime for cavities where d total > 100 nm. Both of these observations indicate that the deposition of the upper silver layer has not caused significant damage to the LB film or penetrated deep within the film. This was further confirmed by the observation of uniform thin film interference colours when the sample was illuminated by white light. At this point it is worth commenting on the absence of data points for cavities where d total < 70 nm in the presence of an upper mirror. Timeresolved fluorescence data could not be obtained from these regions due to the significantly diminished emission intensity. This may be attributed to the quenching of the fluorescence by the non-radiative coupled SPP modes that exist in the metal-clad microcavity [17, 18] .
We now compare the dependence of the lifetime on the cavity thickness for the different upper silver mirror thicknesses. The no top silver data exhibits a relatively smooth thickness dependence, having many similarities to the data of Drexhage [2] , as one would expect when comparing two microcavities with identical mirrors but with differing emitter locations. This is in contrast to the two sets of data where silver layers have been added, where the occurrence of a sharp feature at a cavity thickness of approximately 150 nm is observed. This is clearly shown in figure 2 where time-resolved data are shown for the three different upper mirror thicknesses, the cavity thickness is the same for each set, d total = 166.4 nm. This feature coincides with the introduction of the λ/2 waveguide modes at the emission frequency of the Eu 3+ ions [4] . To allow more direct comparison with other work it is convenient to plot the rate rather than the lifetime. The degree to which the rate may be modified by the microcavity depends on both the optical properties of the microcavity and the intrinsic quantum efficiency of the emitters. The change in the SpE decay rate is easily calculated using the classical theory developed by Chance, Prock and Silbey (CPS) [3] and may be written as
where b is the modified spontaneous emission rate and b 0 is the rate in the absence of the microcavity system. The variable u is the normalized in-plane wavevector: the normalization is with respect to the wavevector a photon (a plane wave) would have in the medium in which the dipole is embedded. The intrinsic quantum efficiency of the emitter is given by q and the integrand I (u) evaluates the power dissipated by the emitter as a function of the normalized in-plane wavevector, u. The (1 − q) term in the above equation corresponds to the internal, non-radiative decay of the emitter, such as to phonons, this term is not influenced by the microcavity. Changes in the SpE due to the microcavity arise from the second term in the above equation. The integral is only dependent on the thickness and the dielectric permitivitties of the layers that make up the microcavity, and on the location of the embedded emitter. The integral measures the change Figure 4 . Modification to the SpE rate for two microcavity structures corresponding to no top silver (0 nm) and the second coat (∼22 nm). The lines show the result of theoretical modelling of the two systems using a classical theory. The measured rate is shown on the right-hand axis, the modification that would arise if the emitters had unit quantum efficiency on the left-hand axis, the cavity modification.
in the photonic mode density. The degree to which this modifies the SpE rate is further controlled by the quantum efficiency of the particular emitter. Thus, in comparing the ability of different microcavity structures to alter the SpE rate, the integral is a universal measure showing what could be achieved for an emitter with a quantum efficiency of unity, we shall refer to this as the cavity modification.
In order to determine the cavity modification the following procedure was adopted. The optical parameters needed to evaluate the integral for the case of no upper mirror are the dielectric constant of the lower silver mirror and the LB material, together with the thickness of the LB multilayer. These parameters are well known [14] , so that by comparing the CPS theory with the experimental data the values of q and b 0 were determined to be 0.70 ± 0.03 and 1540 ± 70 s −1 , respectively. These agree well with previous measurements [14, 16] . These values were then used to model the systems where an upper silver layer has been added. By varying the optical parameters of the upper silver mirror, a fit between the CPS theory and the experimental data was obtained, figure 4 .
The right-hand axis of figure 4 shows the inverse lifetime (rate). The left-hand axis displays the corresponding cavity modification. For clarity only the no upper silver mirror and the second silver coat are presented, as open squares and filled circles, respectively. The lines accompanying the data in figure 4 are the results obtained from the model based mentioned above, they show good agreement with the experimental data. To fit the model to the second silver coat data the parameters for the upper silver mirror were taken to be ε = −16 + 10i and having a thickness of 22 nm.
It has previously been shown that the contribution to the SpE rate by the various EM modes may be evaluated using a selective integration technique [14, 19] . Figure 5 shows the integrand, I (u) as a function of the in-plane wavevector u, for two thickness chosen to be 124.0 and 166.4 nm. The inplane wavevector u has been normalized with respect to the far-field wavevector of the radiation in the LB material. The parameters used to generate the curves in figure 5 were the same as those used to obtain the fits shown in figure 4 . The functions I (u) shown in figure 5 correspond to thicknesses associated with the trough and peak of the feature near d total = 150 nm in figure 4 . Comparison between these two curves shows a very significant contribution from low values of the in-plane wavevector for the thicker structure which are not present for the thinner one. This corresponds to the introduction of the leaky transverse electric (TE) and transverse magnetic (TM) λ/2 waveguide modes.
The introduction of the λ modes at a dielectric thickness of d total ≈ 330 nm, is not accompanied by a similar increase in the rate, figure 4. The emissive layer at the centre of this cavity lies near a node of the λ mode and is thus only weakly coupled to it. In contrast the introduction of the 3λ/2 waveguide modes is observed both in the data and theory at a dielectric thickness of d total ≈ 500 nm (figure 4) since these modes have an antinode at the emitter location.
The imaginary component of the silver permittivity used to obtain agreement between the CPS model and the experimental data is larger than that expected [16] . Thin silver layers are known to exhibit a higher absorption coefficient than thick ones [16] . Further, the upper silver layer was deposited in two separate evaporations between which the sample was exposed to atmospheric conditions for several days while the time-resolved data was obtained. Despite these factors the data of figure 4 shows that good agreement can be obtained by assuming the upper mirror to be a single lossy layer.
The modification of the spontaneous emission rate caused by the upper thin silver film is significant even though the thickness and permittivity are far from being that of a good metallic reflector. Figure 6 shows the reflectivity for a plane wave incident from a semi-infinite layer of the LB material on to the layers that form the upper mirror as a function of angle of incidence. Results for both TE and TM polarization are displayed, calculated using the Fresnel reflection formulae. The no upper silver layer case shows the expected reflectivity for a wave incident from a high index to a low index dielectric. At low angles the reflectivity is small, but increases rapidly as the critical angle associated with total internal reflection is reached. The reflectivity for the LB/air interface is modified significantly by the presence of a thin silver film. First, the reflectivity is increased at low angles, and again this increases as the critical angle is approached. However, due to the presence of significant absorption in the silver layer, a reduction in the reflectivity is observed at high angles. The TM polarization follows the same trends as the TE reflectivity but is further complicated by the presence of a Brewster mode and a SPP mode (associated with the silver/air interface) which are clearly observed as further reductions in the reflectivity at 35 and 42
• , respectively. Figure 6 shows that the upper silver mirror is a relatively poor reflector, due to its limited thickness and high imaginary component of its permittivity. However, the modification to the spontaneous emission rate of the Eu 3+ ( figure 4 ) is significant at the introduction of the λ/2 waveguide modes. Figure 5 shows that this mode is restricted to normalized inplane wavevectors u < 0.55, corresponding to a plane wave propagating in the LB film at angles of incidence less than 33
• . Whilst the reflectivity in this angle range is typically 0.5 for the second silver coat and 0.1 for the case of no upper mirror (figure 6), the data in figure 4 show that this difference in reflectivity is still sufficient to produce a significant modification to the SpE rate.
What is the potential of this metal-clad geometry? To investigate this we undertook further theoretical modelling in which we only allowed changes to the parameters of the upper mirror. Figure 7 shows the cavity modification for four microcavity structures with different upper mirrors. All four structures have an identical lower mirror consisting of an infinitely thick silver layer having a permittivity of ε = −16 + 0.6i. The location of the emitter is maintained in the centre of the dielectric layer and the emitters are again assumed to have an isotropic distribution orientation.
For comparison, the theoretical fit to our experimental results (displayed in figure 4 ) is shown in figure 7 . A slightly greater modification is shown if the thicknesses of the upper mirror is simply increased, whilst maintaining the same permittivity. We then investigated the effect of changing the permittivity of the upper mirror. Further results, not presented here, have shown that a silver layer having lower loss, ε = −16 + 1.2i, and a thickness of 60 nm, can be successfully deposited onto our samples provided they are formed in a single evaporation. Figure 7 shows that such an improved mirror would provide a greater cavity modification. Such a microcavity was not used in this work since the emission intensity for a substantial fraction of the range of cavity thickness studied was too low to allow the collection of good quality time-resolved data. Ultimately the ability to detect fluorescence from a range of structures will place a limit on the cavity modification that may be observed from the planar microcavity.
For further comparison we show the cavity modification that would be achieved if the permittivity of the upper mirror was equal to that of the lower mirror, ε = −16 + 0.6i and infinitely thick. Figure 7 shows that this symmetric microcavity produces only a very slight increase in the modification as compared with the realistically obtainable mirror discussed above (ε = −16 + 1.2i, thickness 60 nm).
Summary
We have measured the spontaneous emission rate of a monochromatic emitter within a metal-clad microcavity. We have reported an extensive investigation on the effects of the thickness of the metal mirrors on the spontaneous emission rate of an embedded emissive layer. We have found that although the upper silver mirror is highly absorbing it may still significantly modify the spontaneous emission rate. We have shown that this arises because of increased reflectivity of the upper mirror at low angles of incidence. The limits of this particular microcavity structure for modifying the SpE rate have been explored theoretically.
